Recently amylose has drawn much attention as a potential vehicle for the nanoencapsulation of different flavor molecules, and the encapsulation efficiency of the complex is an important index for the evaluation of its embedding effect. In this study, three different methods for assessing encapsulation efficiency of amylose-flavor complexes were compared. We chose heptanol and menthone as the flavor molecules, as both of them exhibit a typical odor. The complexes were prepared by the melting method, and their structures were characterized by XRD. In addition, the encapsulation efficiency was determined by thermal gravimetric analysis (TGA), potentiometric titration (PT), and headspace solid phase microextraction gas chromatography (HS-SPME-GC), respectively. The results showed that PT results were within the reported literature range while HS-SPME-GC seemed to overestimate the results and TGA results were the lowest. What is more, the operations of TGA and PT were relatively simple and the results were reproducible, while the HS-SPME-GC method displayed excellent high sensitivity. Therefore, PT method is the best method for assessing encapsulation efficiency of amylose-flavor complexes.
Introduction
Amylose, the linear fraction of starch, forms crystalline complexes, which is categorized under the general name of V amylose with a variety of small ligands, including linear alcohols and monoacyl lipids, which consists of a sixfold lefthanded helix repeating at 0.80 nm (as discussed by Brisson et al. [1] , Godet et al. [2, 3] , and Le Bail et al. [4] ). In addition, other three crystalline types of complexes with branched alcohols have also been reported in the literature. In particular, both V 6 and V 8 families are identified, respectively, where 6 and 8 represent the number of D-glucosyl unit per turn, respectively. Two inclusion modes have been suggested for V 6 types: V 6I , V 6II , V 6III , where I, II, and III represent the different spaces between helices in the crystalline stacking. For V 6I , the small molecules could be entrapped only into the cavity of the helix (as discussed by Godet et al. [2] ), and for V 6II and V 6III , the molecules could also be incorporated between helices. Another possibility is that a larger cavity with eight D-glucose units per turn, V 8 , allows for the inclusion of bulky molecules (as discussed by Le Bail et al. [5] , Cardoso et al. [6] ).
Compared with -cyclodextrin, amylose displays a more flexible folding behavior with different flavor molecules. This may be attributed to the excellent adaptability of amylose, which is precisely distinguished from that of , -cyclodextrin ( , -CD). Furthermore, some amylosefree fatty acid complexes might form soluble nanoparticles in the aqueous solution. All of these characteristics drive researchers to extensively study the amylose-inclusion complexes using different encapsulation methods (as discussed by Helbert and Chanzy [7] , Yang et al. [8] , Putaux et al. [9, 10] , and Ades et al. [11] ). In particular, many researchers defined different concepts of encapsulation efficiency of amyloseflavor complexes using the identical detection method (as discussed by Wulff et al. [12] , Itthisoponkul et al. [13] , Cohen et al. [14] , and Ades et al. [11] ).
For the thermal gravimetric analysis method (TGA), the change of mass varies according to different inclusion complexes. When the secondary factor for the mass loss, such as moisture, was neglected, the difference of loss weight ratio between the control and the inclusion complex could be regarded as the weight ratio of the included compounds. Therefore, the difference of the loss weight ratio was generally employed to calculate the encapsulation efficiency (as discussed by Gunning et al. [15] , Ozturk et al. [16] ). For the headspace solid phase microextraction gas chromatography method (HS-SPME-GC), the amyloseflavor inclusion compounds were hydrolyzed by -amylase at the ambient temperature, and then the flavor released from the amylose helical-cavity was determined by HS-SPME-GC (as discussed by Arvisenet et al. [17] , Wulff et al. [12] , and Conde-Petit et al. [18] ). In order to use potentiometric titration method (PT), iodine is used as the ligand to form inclusion compounds with amylose. When the spiraled cavity is occupied by guest molecule, the molecular iodine could hardly insert into the cavity. Hence, the difference value of the amylose and amylose-flavor inclusion compounds could be obtained by comparing their potential transition values. Subsequently, the potential transition value is used to calculate the encapsulation efficiency of flavor molecules.
Wulff et al. optimized the formation of helical inclusion compounds of amylose with different typical flavour compounds. Most of the compounds were aldehydes and ketones. Some of them are linear ones, and the others are cyclic ones. It seemed that there were plenty of factors to affect the encapsulation efficiency of the guest molecules such as molecule weight, steric structure, and solubility (as discussed by Wulff et al. [12] ). Heptanol exhibited a typical green odor, with fruity aromas of apple and banana, which is generally used in the manufacture of hard candies (as discussed by Mosciano [19] ). Menthone is cooling, fresh green and minty with a herbal flavor, which is usually introduced to the production of gums (as discussed by Mosciano et al. [20] ). Therefore, heptanol and menthone were selected as flavor compounds in this study.
The main objective of this study was to assess and compare three different analytical methods for the encapsulation efficiency including TGA, HS-SPME-GC, and PT for amylose-heptanol and amylose-menthone complexes. The results achieved from this study can serve as a typical reference for the selection of analytical methods for encapsulation efficiency of amylose inclusion compounds for various purposes.
Materials and Methods

Materials.
Standard potatoes amylose with the purity at 99% from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China) was used without further purification; analytical pure grades of anhydrous alcohol, butanol, heptanol, hydrochloric acid, potassium iodide, and potassium iodate were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Menthone was purchased from Heowns Biochemical Reagent Co., Ltd. (Tianjin, China). -Amylase was purchased from Genencor International, Inc. (New York, United States). The activity of the liquid enzyme formulation (protein content was 38 mg/mL) was 3000 U/g of enzyme formulation (1 -amylase unit, activity unit is the amount of enzyme which breaks down 5.26 g of starch/h at 37 ∘ C to glucose at pH 5.6) as given in the amylase product data sheet by Novo Nordisk (Shanghai, China).
Amylose-Flavor Inclusion Compounds Preparation and
Structural Characterization. As the most common method used for preparation of amylose-flavor inclusion complexes, the melting method followed those used in previous publications with minor modifications (as discussed by CondePetit et al. [18] , Jouquand et al. [21] ). The total procedure was succinctly described as follows: A 10 mL dispersion of amylose solution (0.8% w/v) was placed in a pressure vessel (20 mL pressure bomb, Parr Company) and subsequently was heated up to 150 ∘ C for 75 min. Then the temperature was naturally cooled to 80 ∘ C in the vessel and contents were transferred to a flask placed in an 80 ∘ C water bath for 15 min prior to flavor compound addition. 60 mL of dispersed amylose was pipetted into a screw-cap test tube, with 60 mg flavor compound. After being vortexed thoroughly, the mixture was stored in a water bath at 80 ∘ C for 1 h before cooling to room temperature. Afterwards, amylose-flavor inclusion complexes were maintained at room temperature for 18 h. The wet precipitates were quickly washed by pure anhydrous alcohol and collected after centrifugation at 1700 r/min for 15 min. Then the precipitates were treated by freeze-dryer (Virtis freeze mobile, US). Dispersed amylose without flavor addition was treated as the control.
X-ray diffraction analyzer (D8 ADVANCE, Bruker, Germany) was used to confirm the amylose-flavor inclusion complex formation. The detail of the detection method is according to Nuessli et al. [22] . Freeze-dried samples were compressed into disks of 1-2 mm thickness and a diameter of 13 mm. The pressed samples were mounted on a sample holder. The measurements were carried out at ambient conditions in the transmission mode on a powder diffractometer (X'Pert Pro, Almelo, Netherlands) using CuK radiation (0.154 nm) with 35 mA and 40 kV. A divergence slit of 2 mm and a receiving slit of 1 ∘ were selected. Nickel filter was used in this detection. The relative intensity was recorded in a scattering angle range (2 ) of 5-30
∘ with a scintillation counter at a scanning speed of 0.04 ∘ /min. The diffractograms were reduced by the Fourier filtered diffractogram.
Determination Methods
Thermal Gravimetric Analysis (TGA).
Thermal gravimetric analysis (TGA) was carried out with a TGA Q2000 (TA Instruments, USA). All analysis was performed with a 3∼5 mg sample in an open aluminum pans under nitrogen International Journal of Polymer Science 3 atmosphere, and the gas flow rate was 40 mL/min. Then the sample was heated at a constant rate of 10 ∘ C/min during the analysis and the final temperature was up to 400 ∘ C. Pure amylose was used as the blank sample. Encapsulation efficiency was calculated as Encapsulation efficiency
=
Mass loss amylose inclusion compounds − Mass loss Standard amylose
Mass amylose inclusion compounds × 100%.
(1)
Potentiometric Titration Method (PT).
Potentiometric titration method was carried out with an autotitrator (Mettler Toledo DL50) equipped with a DM140 platinum electrode, DV1010 burette, and LabX light titration software (version 2). Recognition of the equivalence point (EQP) was set by adjusting the threshold to appropriate values. Termination of the titration occurred after one equivalence point was reached, or the maximum volume of the burette (10.0 mL) was dispensed. The titer of potassium iodate solution was found by independent experiments and had a value of 0.098± 0.003 mol/L, < 0.05 (significant difference). The software reported the volume of titrant at EQP; iodine affinity (IA, %), flavor affinity (FA, %) could be calculated by the equation. The iodine was produced by the reaction of the potassium iodide with titrant KIO 3 and hydrochloric acid, which binds to amylose as shown in the following formula:
The iodine affinity (IA, %) was calculated from the volume (VEQ, mL) of titrant at EQP using
where = 0.01 mol/L which is the nominal concentration of the titrant and = 3, which is the stoichiometric factor of the I 2 production reaction. = 254 g/mol, which is the molecule weight of I 2 , and is the dry mass of the inclusion sample (mg).
Flavor content was calculated from the ratio of iodine affinity of the inclusion compound to the iodine affinity of amylose standard sample as the above equation (as discussed by Bhatnagar and Hanna [23] ).
In solution, iodine can enter into the spiraled cavity of amylose and form complex compounds, but iodine cannot form complex compound with amylose-flavor molecule inclusion compounds. With the potassium iodate trickling, the excessive iodine formed in the solution after all of the amylose had been included with iodine and the electrode potential transition of I − /I 2 ion pairs indicated the titration end point.
The standard curve and the titration curve can be drawn, with the consumed volume of potassium iodate standard solution for the -axis and the potential readings for theaxis. The content of flavor molecules was calculated from the ratio of iodine affinity of the inclusion compounds and the iodine affinity of pure amylose. Curves a∼e were the potential titration curves for inclusion compound and amylose standard sample in Figures 1s and 2s 
Head-Space Solid Phase Microextraction Gas Chromatography (HS-SPME-GC)
. HS-SPME-GC analysis was performed on an Agilent 6890 Gas Chromatograph (HP, USA). The samples in headspace glass vessels were placed at 25 ∘ C for 1 hour before the analysis. Ten milliliters of the amylose complex solution was in each bottle which contains 3 g of inclusion compounds ( 0 = 0.3 g/mL) and 1 mg of salivary amylase. A SPME (Supelco Co., Bellefonte, PA) fiber coated with polydimethylsiloxane (PDMS, 1 cm long, 100 m thickness) was used to collect and concentrate flavors by virtue of its sorption characteristics (as discussed by Arthur and Pawliszyn [24] ). The SPME device consisted of a retractable fiber enclosed in a sheath. During sampling, after entering the sample container, the fiber was extended, exposing the sorption surface. The fiber was then retracted prior to removal from the sample container. Each sample was adsorbed for 30 min, and the volatiles were desorbed from the fiber for 90 s at 250 ∘ C into the glass-lined, splitless injector port of a GC (HP-6890, Hewlett Packard Co.). The fiber was preconditioned at 250 ∘ C for 1∼2 h. All SPME samplings were carried out at 25 ∘ C in triplicate unless otherwise noted. The obtained extracts were analyzed with an HP-5 column (5% phenyl 95% methyl siloxane, 30.0 m × 250.0 m × 0.25 m). Three analyses were conducted for each product and after that the average value was calculated. The temperature program was as follows: The chromatographic conditions were held at 75 ∘ C for 5 min, then increased at a 5 ∘ C/min rate to 100 ∘ C, and then ramped at 10 ∘ C/min to 200 ∘ C. For menthone detection, 200 ∘ C is maintained for 5 min; for heptanol detection, 180 ∘ C is kept for 25 min. The flow rate of nitrogen carrier gas, hydrogen, air, and nitrogen makeup gas was 2.4 mL/min, 40 mL/min, 400 mL/min, and 45 mL/min, respectively. Injection temperature was 250 ∘ C and detection temperature was 250 ∘ C. Peaks were identified using HPGC ChemStation software (Agilent Co. Ltd, USA). Standards for the aroma were used in order to identify the peaks. We use this equation to convert the peak area into concentration, sample : standard = sample : standard . Response factors were measured through the software and employed to convert peak areas into concentrations ( ) of flavor compounds.
Experimental Design and Statistical Analysis.
The experiments were designed based on a fractional factorial design, and the results represent the means of three replicates. The statistical analysis was performed using SPSS version 18.0, and all graphs were created using Origin Pro 8 (Origin Lab Corporation, Northampton, USA).
Results and Discussion
Amylose-Flavor Inclusion Complex Preparation and Structural Confirmation.
Well-dispersed potato amylose without any flavor substance served as a reference, and the corresponding X-ray diffraction patterns are shown in Figure 1 . Xray analysis of amylose yielded an amorphous halo, indicating the absence of the preexisting complex and the retrogradation effect. X-ray analysis of both amylose-menthone and amylose-heptanol complexes yielded a typical V 6I amylose pattern with scattering angles (2 ) of 13 ∘ and 20 ∘ , suggesting the presence of crystalline structures of the amylosementhone and amylose-heptanol complexes. The diffraction diagram is characteristic for a single amylose helix with 6 Dglucosyl units per turn. It was most likely that the ligand was included in the helix cavity.
Thermal Gravimetric Method.
The encapsulation efficiency of the prepared inclusion compound and the actual mass of the encapsulated flavor molecules remained unknown. Therefore, according to the results of the TGA, it was demonstrated that the encapsulated amount of flavor molecules ranged from 1 mg to 2.5 mg after the addition of 5 mg flavor molecules into amylose. However, little published information is available about encapsulation efficiency determination of amylose inclusion complex with TGA method. Table 1 listed thermal gravimetric analysis of amylose-heptanol and amylose-menthone molecules inclusion complexes, which partially agreed with those determined by potentiometric titration and -amylase/GC methods. Figure 2 illustrated that inclusion compounds were analyzed by TGA method, revealing the similar encapsulation efficiency for two amylose-flavor complexes although heptanol and menthone have different inherent physicochemical properties. The mass loss at the first decomposition stage occurred at 60∼70 ∘ C. It was well-recognized that both parts of water loss and a small amount of flavor compounds, which did not form a stable complex with amylose, contributed to the loss. However, this partial loss would not interfere with the evaluation of the encapsulation efficiency (as discussed by Choi et al. [25] ). They compared the eugenol encapsulation efficiency of -CD, 2-HP--CD, and polycaprolactone (PCL) by TGA, respectively. The weight loss of both -CD and 2-HP--CD was evident. It could be attributed to evaporation of water. However, the weight loss of free-eugenol with PCL was unremarkable. Furthermore, the encapsulation efficiency of -CD was more effective than that of 2-HP--CD (as discussed by Choi et al. [25] ).
The mass loss at the second decomposition stage was in the range from 300 to 370 ∘ C. This part of the mass loss was mainly due to the dissociation of amylose at high temperature, thereby leading to breakdown of the structure and the quick volatilization of the contained flavor molecules. The result also showed that the mass loss at this stage was larger than that of control. The second part of mass loss of the flavor molecules was considered as the amount of the encapsulated flavor, and the ratio of the mass loss of the flavor molecules divided by that of the inclusion compound was defined as the encapsulation efficiency of each flavor inclusion.
As depicted in Figure 2 and Table 1 , the mass loss of the complex containing heptanol was slightly higher than that of menthone, and both were higher than the control. It was indicated that the encapsulation efficiency of heptanol was higher than that of menthone under the identical experimental condition. It may be due to the linear molecular structure and the relatively higher solubility of heptanol, corresponding to the higher dispersibility of heptanol in gelatinized amylose solution. However, menthone with more steric hindrance structure and relative lower solubility might cause the lower encapsulation efficiency. 
Potentiometric Titration.
Potentiometric titration analysis of amylose-flavor molecules inclusion complexes was listed in Table 2 .
A typical titration profile of amylose with potassium iodate is shown in Figures 1s and 2s . The sharp peak of the 1st derivative of the potential indicated the equivalence point of the reactions (Figures 3s and 4s) . Of note, the potentiometric titration method employed in this study was different from the potentiometric titration method (as discussed by Duan et al. [26] ), which determined the amount of bound iodine by extrapolation of ascorbic acid. They reported that potentiometric titration results for potato starches were comparable to those reported in literature while the colorimetric method seemed to overestimate amylose content. Another advantage of potentiometric titration is that it does not require the starch solution to be clear and colorless. Otherwise, it has to compromise the colorimetric method if the color and precipitates exist in the sample solutions. The titer of potassium iodate solution was found by independent experiments and had a value of 0.098 ± 0.003 mol/L. Linearity of the method was tested using amylose (1∼20 mg) and inclusion compound (3∼ 50 mg). The method exhibited excellent linearity as shown in Figure 3 , with 2 values of 0.9975, 0.9988, and 0.9961 for amylose, amylose-heptanol, and amylose-menthone inclusion compound, respectively.
Heinemann et al. [27] used amperometric iodine titration to determine the extent of amylose complexation. They calculated the iodine binding capacity of the uncomplexed starch (IBC ref ) and complexed starch (IBC), respectively. The degree of complexation (DC) was calculated by 0.3 mol heptanol and menthone/mol glucose with 48.86 ± 0.03% and 48.36 ± 0.02, respectively, suggesting that 0.3 mol flavor compound per mol glucose might be an optimal concentration for amylose inclusion. The difference between present studies and Heinemann et al. [27] might be caused by different guest molecules and different encapsulation conditions.
The determination limitation of the method was detected to be ∼2 mg of amylose (equivalent to 6 mg of inclusion compound). When the amount of flavor was lower than the determination limit, 1 mg relative standard deviation (RSD) was increased. It was probably due to the detection limit of the electrode. On the other hand, it should be noted that RSD was also increased as the mass of the sample was increased from 40 to 50 mg. This could be caused by the higher volume of titrant required for a larger amount of the inclusion compound.
Headspace Solid Phase Microextraction Gas
Chromatography Method. The curves of headspace solid phase microextraction gas chromatography analysis were shown in Figure 4 . The encapsulation efficiency was calculated as the following: Firstly, the concentration of guest molecule before complexation in the headspace of vessel was determined as 0 . Secondly, the concentration of guest molecule after complexation in the headspace of vessel was determined as 1 . Finally, the encapsulation efficiency was calculated as ( 0 − 1 )/ 1 * 100%. It was demonstrated that the encapsulation efficiencies of the two sets of inclusion compounds were comparable. In Table 3 , it was demonstrated that the encapsulation efficiency of heptanol was slightly higher than that of menthone, which was quite close to the results determined by potentiometric titration.
Most published studies reported the GC method by using alkali hydrolysis and solvent extraction (as discussed by Mongenot et al. [28] , Yilmaz et al. [29] , Jeon et al. [30] , and Tapanapunnitikul et al. [31] ). Nevertheless, the new factor has to be considered since the solvent evaporation leads to the loss of the sample and incomplete extraction. In present study, we used -amylase and HS-SPME-GC to determine the volatile guest molecules encapsulated by amylose. The advantages of this method contained the absence of alkali hydrolysis and the employment of solvent extraction. In contrast, the shortcoming is that guest molecules have to be volatile.
The HS-SPME-GC method requires the flavor molecule for the construction of a standard curve, in which the results are highly associated with the concentration of the flavor molecule. The iodine affinity of the standard amylose estimated by using potentiometric titration had encapsulation efficiency value as low as 40%∼45%, slightly higher than that of TGA (40%). This could explain why the HS-SPME-GC method somehow overestimated the flavor molecule content of these samples. On the other hand, differences in the molecular characteristics of heptanol and menthone may be another reason resulting in the variation. Furthermore, comparison of -decalactone and -decalactone also showed the similar results as in other amylose inclusion compound samples (as discussed by Heinemann et al. [32] ).
Moreover, amylase used in this section is an enzyme that hydrolyzes amylose into small fragments. This enzyme has the three-dimensional structure, which may lead to a certain degree of adsorption of flavor molecules. The measured peak areas of each inclusion compound had small difference with a standard deviation of less than 3%.
Three different methods (the thermal gravimetric method, the potentiometric titration method, and the headspace solid phase microextraction gas chromatography method) were used to evaluate the encapsulation efficiency of amylose-flavor complex. Compared to the results of the three methods, PT results were within the reported literature range (as discussed by Duan et al. [26] ), while HS-SPME-GC seemed to overestimate the results and TGA results were the lowest. What is more, TGA is simple and straightforward, and the results are reproducible, but there is little literature about encapsulation efficiency determination of amylose inclusion complex. PT is accurate and reproducible, and the operation was relatively simple, but the calculation was slightly complicated. HS-SPME-GC exhibited high sensitivity, but it required costly instrumentation with carefully protective maintenance and complex operation procedure.
Conclusions
Compared to the results of the three analytical methods, PT results were the most accurate while TGA results were the lowest and HS-SPME-GC seemed to overestimate the results. Therefore, PT method is the best method for assessing encapsulation efficiency of amylose-flavor complexes.
